ABSTRACT a and # DNA polymerases (DNA nucleotidyltransferase; deoxynucleosidetriphosphate:DNA deoxynucleotidyltransferase, EC 2.7.7.7) were isolated from nuclear and cytoplasmic fractions of rat livers exposed to a carcinogenic regimen with the hepatocarcinogen N-2-fluorenylacetamide and from 24-hr regenerating liver. The fidelity of polymerization of these enzymes was compared by determining the incorporation of noncomplementary deoxyribonucleoside triphosphates (misincorporation) on a poly(dA d)poly(dA-dT) template, with MnCI2 and MgCl2 as divalent cations. Our initial studies indicate that the cytoplasmic a polymerases from carcinogen-exposed rat livers were strikingly error-prone whereas the nuclear and cytoplasmic # polymerases retained their fidelity throughout the feeding cycles. The misincorporation was significantly accentuated by MnCl2 compared with that obtained with MgCl2 as divalent cation. The products were sensitive to pancreatic DNase I digestion, indicating that the noncomplementary bases had been incorporated by the polymerization process. Nuclear a polymerase showed some degree of infidelity but less than that of cytoplasmic a polymerase. Of the alterations induced in target cells by carcinogenic agents, those that are obligatory for malignant evolution are unknown. However, it is generally accepted that the interaction of activated metabolites with nuclear DNA and the subsequent intervention of repair mechanisms might play a central role in the carcinogenic sequence. Defects in any of the numerous components of available repair pathways could result in significant aberrations in DNA structure and composition (1). Infidelity of DNA synthesis by mutagenized or altered DNA polymerases has been proposed as a mechanism for the accumulation of somatic mutations and subsequent alteration in cellular controls (2-4). The presence of DNA polymerases (deoxynucleosidetriphosphate:DNA deoxynucleotidyltransferase, EC 2.7.7.7) that demonstrate infidelity has been reported in malignant cells (2, 5, 6 ) and a similar alteration has been induced by carcinogenic metallic ions (7, 8) . The method for determining infidelity is based upon the incorporation of noncomplementary nucleotides into synthetic templates by DNA polymerase (5).
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We have utilized intermittent exposure of the rat to the hepatocarcinogen N-2-fluorenylacetamide (FAA) to identify discrete phases of the carcinogenic process and this approach has permitted a detailed comparison of biologic and biochemical variables associated with reversible and irreversible (premalignant) alterations (9) . For example, normal levels of repair endonucleases have been demonstrated throughout this carcinogenic regimen (10) . The role of DNA synthesis during repair and the importance of DNA replication during cell division in the pathogenesis of the carcinogenic sequence (11) led us to examine the DNA polymerases during FAA-induced hepatocarcinogenesis.
MATERIALS AND METHODS
Animals and Diets. Male Sprague-Dawley rats (Charles River Farms, North Wilmington, MA) were started on the carcinogenic regimen at 125-g body weight. This regimen and descriptions of the resultant hepatic alterations have been published in great detail (9, 10) . FAA was mixed with a standard synthetic diet (no. 101, Bio-Serv, Frenchtown, NJ) at 0.06%. A feeding cycle consisted of 3 weeks of FAA followed by 1 week of regular meal; the four cycles of exposure were designated 1 X 3, 2 X 3,3 X 3, and 4 X 3. At the termination of the 3 X 3 cycle, the livers were composed of small nodules which eventually disappeared without subsequent exposure to carcinogen. These livers did not give rise to malignancy. After 4 X 3, a subpopulation of nodules, often as large as 1 cm in diameter, was evident. These nodules, which persist, are considered a putative premalignant lesion; such livers eventually have a high incidence of hepatocellular carcinomas. Whole livers were pooled for analysis of polymerases at 3 X 3. Immediately at the end of 4 X 3, the premalignant nodules were dissected free from background liver and pooled. To examine the activity of normal DNA polymerases, age-matched rats that had been fed the basal diet underwent 70% hepatectomy and were sacrificed 24 hr later.
Separation of Nuclear and Cytoplasmic Fractions. The postmitochondrial cytoplasmic (30,000 X g supernatant) or nuclear fractions of 70-100 g of rat liver were separated according to the procedure of Lynch et al. (12) , except that the buffers contained either 0.3 or 2.3 M sucrose in 2.5 mM MgCl2/0.5 mM dithiothreitol/0. 1 mM phenylmethylsulfonyl fluoride (PMSF). The purified nuclei were then extracted with 2.0 M NaCl in 0.01 M Tris1HCl, pH 8.0/0.5 mM dithiothreitol/0. 1 mM phenylmethylsulfonyl fluoride (TDP buffer) for 4 hr. After dialysis against 13 vol of TDP buffer overnight, the soluble nuclear proteins, which contain 95% of all nuclear DNA polymerases, were separated from the DNA-histone precipitates by centrifugation (13 (14) . These enzymes were initially purified by chromatography on DEAE-cellulose [3H]dGTP was present at a specific activity of 94 cpm/fmol. The reaction mixtures were incubated at 37°C for 1 hr, and then 20,Ml of unlabeled carrier dGTP (2.5 mg/ml) was added. Samples were then precipitated by trichloroacetic acid and, processed as described (15) . Determinations were done in duplicate or triplicate and the results given are the means after subtraction of controls without added poly(dA-dT)-poly(dA-dT) template. The latter procedure was utilized to eliminate the possibility that contaminating DNA in enzyme preparations was participating in the assay.
Other Methods. Hydrolysis of the DNA product was performed by pancreatic DNase I digestion as described by Linn et (16) . Therefore, we measured the misincorporation rate of normal and FAA-treated rat liver DNA polymerase by substituting 2 mM MgCl2 for 0.2 mM MnCl2 as the divalent cation (Table 4) . Under these conditions, the error rate of cytoplasmic a polymerase from regenerating liver was much lower. This is consistent with the results of Salisbury et al. (17) showing that a polymerase from regenerating rat liver appears to be faithful when MgCl2 is used as the divalent cation.
Effect of Pancreatic DNase I on Misincorporation. To determine if the noncomplementary nucleotides were incorporated into the polynucleotides and were not due to their nonspecific binding, the products of synthesis were subjected to pancreatic DNase I digestion as described by Linn et contention that dGMP is incorporated into the product synthesized by the enzyme rather than being nonspecifically bound.
Terminal transferase activity (data not shown) was not detectable in either regenerating or treated livers (14) .
DISCUSSION
The accumulation of aggregate errors in DNA has been proposed as a basis for aging (4) and for carcinogenesis and tumor progression (1, 2, 3, 18) . One mechanism for the introduction of such errors would be the decreased fidelity of DNA poly- (19, 20) , from aging cell lines (4) or human leukemia cells (5) , and as a result of interaction with carcinogenic metals (7) . It has also been suggested that decreased fidelity of DNA polymerases during chemical carcinogenesis could result from interaction with the carcinogen or its activated metabolites or from gene effects induced by these agents with resultant mutagenized enzymes. To date, no experimental evidence has been available to support this hypothesis.
The most striking result of the current study was the demonstration of the rapid and persistent loss of fidelity of cytoplasmic DNA polymerase of rat hepatocytes upon exposure to the carcinogen FAA. This infidelity was accentuated when MnCI2 was used as the divalent cation. Mn2± has been shown to cause an increased rate of misincorporation of mutated T4 DNA polymerase (16) and an a DNA polymerase from aging human fibroblasts (4) . The physiological significance of the MnCI2-induced increase in error rate is at present unknown. However, it has been suggested that Mn2+ is mutagenic (7, 8) . Although the decrease in fidelity could also be demonstrated with Mg2+ as the divalent cation, the number of counts above background was relatively low. The results therefore should only be viewed as supportive evidence for the data with Mn2+. The increase in misincorporation by a polymerase from FAA-exposed liver could be demonstrated with phosphocellulose-or hydroxylapatite-purified enzyme preparations under conditions such that the substrates were both limited and > Km.
Previously, no tangible suggestion was available to explain the nature of events that occurred in the lag period between the cessation of carcinogen exposure and the appearance of malignancy. These carcinogen-induced hepatic nodules are characterized by a persistently increased rate of cell replication even after cessation of carcinogen exposure (21) . It appears possible, therefore, that one aspect of progression of the malignant process during this period is the continuing accumulation of abnormalities in DNA.
The selectivity of the process is emphasized by the apparent resistance of cytoplasmic or nuclear f DNA polymerase to similar alteration. Although unsupported by adequate experimental data, it has been suggested that A DNA polymerase is a component of the excision-repair system of mammalian cells (22) . Its resistance to the effects of FAA is similar to that of repair endonucleases (10) and might be related to their consti-. tutive nature and the importance of this pathway in the repair of spontaneous DNA damage. It is interesting that a number of previous reports also emphasized the retention of the fidelity of ,3 DNA polymerase (23, 24) . The basis of the infidelity of a DNA polymerase was not determined by these experiments. Although it is possible that covalent binding of carcinogen was responsible for this alteration, it remains to be determined if altered DNA polymerase function persists after cessation of carcinogen exposure. At least two mechanisms might result in persistently aberrant enzyme activity. Carcinogen-bound enzyme could produce sufficient alteration of DNA to result in a mutagenized enzyme, or the synthesis of abnormal enzyme might result directly from carcinogen-induced-DNA alteration. Lastly, transient or persistent aberration could result from the synthesis of an error-prone enzyme species hypothesized in the SOS pathway.
The degree to which the altered fidelity of polymerase will (25) and myeloma cells (26, 27) , and modified forms of a polymerase have been detected in leukemia cells (28) and other cell types (29) (30) (31) . Further characterization is required before the individuality of these species is ascertained or their relationship to carcinogenesis is determined.
